Background: Oxidative stress plays a critical role in the pathogenesis and progression of type 2 diabetes and diabeticassociated cardiovascular complications. This study investigated the impact of crocin combined with voluntary exercise on heart oxidative stress indicator in high-fat diet-induced type 2 diabetic rats. Materials and methods: Rats were divided into four groups: diabetes, diabetic-crocin, diabetic-voluntary exercise, diabetic-crocin-voluntary exercise. Type 2 diabetes was induced by high-fat diet (4 weeks) and injection of streptozotocin (intraperitoneally, 35 mg/kg). Animals received crocin orally (50 mg/kg); voluntary exercise was performed alone or combined with crocin treatment for 8 weeks. Finally, malondialdehyde (MDA), activity of antioxidant enzymes, superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) were measured spectrophotometrically. Results: Treatment of diabetic rats with crocin and exercise significantly decreased the levels of MDA (p < 0.001) and increased the activity of SOD, GPx, and CAT compared with the untreated diabetic group. In addition, combination of exercise and crocin amplified their effect on antioxidant levels in the heart tissue of type 2 diabetic rats. Conclusion: We suggest that a combination of crocin with voluntary exercise treatment may cause more beneficial effects in antioxidant defense system of heart tissues than the use of crocin or voluntary exercise alone.
Introduction
Diabetes mellitus (DM) is a worldwide health problem associated with increased cardiovascular complications and cardiovascular diseases (49) .
Type 2 DM is recognized as the etiology of over 80% of all diabetics and is dramatically increasing in incidence as a result of changes in human behavior and increased body mass index (27) . Hyperglycemia, consequence of islet insufficiency, resulting from uncontrolled glucose regulation is widely recognized as the causal link between diabetes and diabetic complications (9) .
From the studies, it is clear that hyperglycemia induces reactive oxygen species (ROS) overproduction (10) . However, in response to oxidative stress, antioxidant enzymes that include superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), and small molecule substances such as vitamins C and E are believed to be induced to protect cellular functions, which maintain in vivo homeostasis (15) . There are evidences that the antioxidant defense is destroyed in diabetic patients, proposing a disturbed scavenging capacity of detrimental free radicals (36) . Therefore, it became obvious that improving oxidative stress might be a useful strategy for decreasing diabetic complications.
Crocin, an abundant antioxidant constituent of Crocus sativus L. (saffron), exhibits a variety of pharmacological effects on the nervous (48) , cardiac (18) , and renal (21) systems. Several studies have indicated that saffron and its major constituent, crocin, has hypoglycemic effects that seem to be exerted through the stimulation of glucose uptake by peripheral tissues (45) , inhibition of intestinal glucose absorption (46) , inhibition of endogenous glucose production (11), regeneration, and stimulation of β-cells of islets of Langerhans to release more insulin (11, 43) . Recently, it was reported that crocin exhibited significant radical scavenging activity and thus antioxidant activity (6). Hosseinzadeh et al. (21) have shown that crocin is a useful agent for the prevention of renal ischemia-reperfusion (IR)-induced oxidative injury in rats. Furthermore, in our previous study, we reported that crocin combined with voluntary exercise improved insulin resistance and reduced glucose levels in the heart of diabetic rats (16) . Samarghandian et al. (35) have indicated that saffron has antihyperglycemic and hypoglycemic properties by the modulation of oxidative stress in streptozotocin (STZ) diabetic rats.
Physical activity has been considered to reduce diabetic complications (28) . A part of the protective effect of physical exercise has been hypothesized to derive from antioxidant effects. Lee et al. (29) reported that exercise training could improve coronary vascular function by suppressing oxidative stress in a type 2 diabetes. Kupai et al. (26) showed the cardioprotective effect of voluntary exercise in the Goto-Kakizaki type 2 diabetic rat heart against IR injury. It has been shown that exercise training increases antioxidant enzymes and reduces lipid peroxidation, which can reverse oxidative stress in animal models (8) . Studies have been suggested that forced exercise induces oxidative stress through the production of ROS and can cause damage to organs (25) . Voluntary exercise is ranged in mild/moderate exercise and is a useful therapeutic approach in diabetic complications such as cardiovascular diseases. In the animal model of voluntary exercise, the animal has free access to a running wheel and utilizes the wheel according to its physiological threshold for physical activity (12) . Therefore, considering the antioxidant effects of crocin and voluntary exercise, this study was designed to evaluate the antioxidant activity of crocin in combination with voluntary exercise in the heart tissue of high-fat diet-induced type 2 diabetic rats.
Materials and Methods

Animals
All animals used in this study were provided by the Tabriz Medical Faculty (Tabriz, Iran). Animals were caged at a constant room temperature of 24°C, a relative humidity of 50%, and a 12-h dark/light cycle with access to food and water ad libitum. All rats were kept at four rats per cage for the duration of the study except rats in the exercise groups that were housed singly. This study was approved by the Animal Ethics Committee in accordance with the instructions for the care and use of laboratory animals prepared by Tabriz University of Medical Sciences (permit number 93/5/4).
Twenty-eight male Wistar rats (200-250 g) were randomly divided into four groups (n = 7): 1. Diabetic (Dia): Rats that received high-fat diet (4 weeks) and low dose of STZ (35 mg/kg) 2. Diabetic-crocin (Dia-Cro): Diabetic rats that received crocin (50 mg/kg, 8 weeks) 3. Diabetic-voluntary exercise (Dia-Exe): Diabetic rats that performed exercise (8 weeks) 4. Diabetic-voluntary exercise-crocin (Dia-Cro-Exe): Diabetic rats that received crocin and performed exercise.
Crocin (Sigma) was gavaged (50 mg/kg) 6 days a week for 8 weeks (19, 31) . For the assessment of voluntary exercise, rats were housed individually in a cage containing a wheel (1.00 m circumference, Tajhiz Gostar, Tehran, Iran). This stainless-steel running wheel was equipped with a digital magnetic counter that was activated by wheel rotation. Each exercising rat had a separate running wheel in its cage that allowed it to run voluntarily during 8 weeks of the study. Data of rats with running distance lower than 2,000 m/day were eliminated before statistical analysis (39) .
Induction of diabetes with high-fat diet and streptozotocin STZ was obtained from Sigma for inducing diabetes. Male rats were fed with high-fat diet comprising 22% fat, 48% carbohydrate, and 20% protein in blend with standard laboratory chow consisting of 5% fat, 53% carbohydrate, and 23% protein for 4 weeks. After the period of dietary manipulation, rats were injected intraperitoneally (i.p.) with low dose of STZ (35 mg/kg) (37). Then, animals had free access to water and standard food (2, 47) . After 72 h of STZ administration, rats with fasting blood glucose of ≥300 mg/dL were considered diabetic.
Heart tissue preparation
On the final day of experiment, rats were sacrificed under anesthesia with ketamine/xylazine (88/10 mg/kg, i.p.). Heart tissue was immediately removed and washed with 0.9% saline solution. Then, hearts were excised, frozen in liquid nitrogen, and stored at deep freeze (−70°C) for biochemical measurements. For antioxidant activity measurement, heart samples were homogenized in 1.15% KCl solution. The homogenates were centrifuged at 1,000 rpm for 1 min at 4°C. The tissue homogenate was then stored at −20°C for GPx, SOD and CAT activities, and malondialdehyde (MDA) measurements.
Lipid peroxidation measurement: Malondialdehyde
Lipid peroxides are unstable and decompose to form a series of compounds including reactive carbonyl compounds. Polyunsaturated fatty acid peroxides generate MDA and its measurement has been used as an indicator of lipid peroxidation, which is analyzed by measuring thiobarbituric acid reactive substances (TBARSs) in homogenates. Briefly, the samples (250 μL) were mixed with 1 mL of 10% trichloroacetic acid (TCA) and 1 mL of 0.67% thiobarbituric acid. Then, samples were heated in a boiling water bath for 15 min and then n-butyl alcohol (2:1 v:v) was added to the solution. After centrifugation (3,500 × g, 5 min) at room temperature, TBARS was determined from the absorbance at 535 nm, using a spectrophotometer (Pharmacia Biotech, England) and the values obtained were expressed as nmol per 100 mg tissue protein. The intra-and inter-assay coefficient of variations of measurements performed on the same sample were less than 5% and 7%, respectively (14) .
Superoxide dismutase measurement SOD activity was determined using a RANSOD kit (Randox, Crumlin, UK). SOD activity was measured at 505 nm by a spectrophotometer. In this method, xanthine and xanthine oxidase were used to generate superoxide radicals that were able to react with 2-[4-iodophenyl]-3-[4-nitrophenyl]-5-phenyl tetrazolium chloride (INT) to form a red formazan dye. Concentrations of substrates were 0.05 mmol/L for xanthine and 0.025 mmol/L for INT. SOD activity was measured by the degree of inhibition of this reaction. After calculating the percent of inhibition using the related formula, SOD activity was calculated by comparing with the standard curve and was expressed as U/mg protein. The inter-sample coefficient of variation and intra-assay variation were less than 8% (32) .
Glutathione peroxidase measurement GPx activity was determined using a RANSEL kit (Randox, Crumlin, UK). GPx catalyzes the oxidation of glutathione (at a concentration of 4 mmol/L) by cumene hydroperoxide. In the presence of glutathione reductase (at a concentration of ≥0.5 mmol/L) and 0.28 mmol/L of NADPH, oxidized glutathione is immediately converted to the reduced form with concomitant oxidation of NADPH to NAD + . The decrease in absorbance at 340 nm (37°C) was measured using a spectrophotometer, and then GPx concentration was calculated and expressed as U/mg protein. The intra-and inter-assay coefficient of variations were 7% and 8%, respectively (7).
Catalase measurement CAT activity was assayed by the method of Aebi (1) . Briefly, to a quartz cuvette, 0.65 mL of the phosphate buffer (50 mmol/L; pH 7.0) and 50 μL sample were added, and the reaction was started by the addition of 0.3 mL of 30 mM hydrogen peroxide (H 2 O 2 ). The decomposition of H 2 O 2 was monitored at 240 nm at 25°C. The CAT activity was calculated as nM H 2 O 2 consumed/min/mg of tissue protein.
Statistical analysis
Statistical analysis was performed by SPSS statistics v18 (IBM Corp., Armonk, NY, USA). All values were expressed as means ± SEM. The between-group parameters were analyzed using two-way analysis of variance (ANOVA) followed by Tukey's post-hoc test. Differences were considered statistically significant when p < 0.05.
Results
Effect of crocin and voluntary exercise on lipid peroxidation (malondialdehyde) levels
As shown in Fig. 1 after 4 weeks of treatment of diabetic rats with crocin and voluntary exercise, the level of MDA decreased in treated diabetic rats as compared with the Dia group (p < 0.001). A comparison between the Dia-Cro-Exe group with Dia-Exe and Dia-Cro groups exhibited significant difference among these groups (p < 0.001 and p < 0.01, respectively).
Effect of crocin and voluntary exercise on superoxide dismutase levels
One-way ANOVA showed that the SOD levels were significantly higher in treated diabetic rats than in non-treated diabetic rats. Administration of crocin combined with exercise significantly increased SOD levels compared to Dia-Exe (p < 0.001) and Dia-Cro (p < 0.001) groups (Fig. 2) . Figure 2 also indicates that crocin combined with voluntary exercise had a synergistic effect on SOD levels in the heart tissue of diabetic rats.
Effect of crocin and voluntary exercise on glutathione peroxidase levels After 8 weeks of administration of crocin or performing voluntary exercise, the level of GPx increased significantly in Dia-Exe, Dia-Cro, and Dia-Cro-Exe (p < 0.001) groups in (Fig. 3) . A comparison between the Dia-Cro-Exe group with Dia-Exe and Dia-Cro groups exhibited significant difference among these groups (p < 0.01 and p < 0.05, respectively).
Effect of crocin and voluntary exercise on catalase levels
Results demonstrated that administration of crocin and performance of voluntary exercise enhanced significantly CAT activity in diabetic groups as compared with the non-treated diabetic rats (all p < 0.001).
In the rats that underwent voluntary exercise and received simultaneously crocin for 8 weeks, the level of CAT activity significantly increased compared with Dia-Exe and Dia-Cro groups (p < 0.001) (Fig. 4) .
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GPx (U/mg Pr) Fig. 3 . Effect of crocin and voluntary exercise on glutathione peroxidase levels. Data are shown as mean ± SEM for seven animals, ***p < 0.001 indicates a significant change compared with Dia group, $$ p < 0.001 indicates a significant change compared with Dia-Exe group, and ## p < 0.01 indicates a significant change compared with Dia-Cro group 
Discussion
The results of the present study indicate that oral administration of crocin in combination with voluntary exercise significantly decreased oxidative stress in the heart tissue of diabetic rats. We observed the significant elevation in GPx, CAT, and SOD with reduction in the MDA in both crocin-and voluntary exercise-treated diabetic rats compared with the non-treated diabetic group. Moreover, our data did demonstrate the favorable and synergistic effects of crocin in combination with voluntary exercise on reducing oxidative stress in the heart tissue of type 2 diabetic rats. Type 2 diabetes is a worldwide health problem predisposing to markedly increased cardiovascular mortality and morbidity. Diabetes is diagnosed by the presence of hyperglycemia together with biochemical alterations such as increase in lipid peroxidation and oxidative stress (4). Hyperglycemia-induced oxidative stress is an important factor involved in diabetic-cardiac complications (34) . Excessive levels of ROS or reduction of the antioxidant defenses, such as SODs, CAT, or GPx have been repeatedly described for type 2 DM (44) .
In this study, we demonstrated that combination of crocin with voluntary exercise resulted in a higher increase of antioxidant levels and a more reduced lipid peroxidation rate (MDA content) than either of them alone in the heart of type 2 diabetic rats. It has been proven that exercise is a major therapeutic modality in the treatment of DM and it reduces cardiovascular complications (20) . Clinical studies have shown that moderate intensity physical activity attenuates abnormal cardiac remodeling, improves functional capacity, and delay of onset of type 2 diabetes (17, 41). Roberts et al. (33) and Wycherley et al. (42) have reported that exercise alters the oxidative homeostasis of cells and tissues by decreasing the basal levels of oxidative damage and increasing resistance to oxidative stress in type 2 diabetes patients. Although moderate exercise increases the levels of antioxidant enzymes, it is considered that exhaustive physical activity causes inflammation and enhances oxidative stress associated with ROS (24) . Therefore, in the present study, we prepared voluntary exercise facility for the animals, which is regarded as moderate intensity of physical activity. One important mechanism suggested for the beneficial effects of exercise training in type 2 diabetic patients is the upregulation of anti-inflammatory cytokine (38) . Inflammation is a potent stimulator for the production of reactive species by macrophage and monocytes that inducing oxidative stress (23) . Increase in oxidative stress-derived inflammation has been hypothesized to be a major mechanism in the pathogenesis and progression of type 2 diabetes (13). Studies have shown that an enhancement in oxidative stress jeopardizes function and structure of myocardium through mechanisms such as microvascular injury, abnormalities in calcium homeostasis, and endothelial dysfunction (40) . In this study, we observed that voluntary exercise prevented an increase in myocardial lipid peroxidation and attenuated a decrease in antioxidant enzymes' activity in type 2 diabetic rats. This finding is in agreement with a previous study showing that non-exhaustive exercise such as voluntary exercise has beneficial effects on expression of certain antioxidant enzymes and substantially an increase in antioxidant enzymes' activity (30) . Crocin was another intervention in this study that in combination with exercise increased antioxidant levels and reduced lipid peroxidation in the heart of type 2 diabetic rats. Crocin, one of the active components of saffron, has antioxidant and anti-inflammatory properties (22) . In the present investigation, treatment with crocin inhibited the enhancement of lipid peroxidation in the heart tissue which was measured in terms of MDA, a stable metabolite of the free-radical-mediated lipid peroxidation cascade.
This finding confirms its antioxidant role in the heart tissue of type 2 diabetic rats (21). Asri-Rezaei et al. (5) indicated that treatment with crocin reduced the content of MDA and total antioxidant capacity in STZ-induced diabetic rats. In addition, the protective effects of crocin on oxidative stress and hepatic injury in STZ-induced diabetic rats have been reported (3) . The data of our study revealed that daily treatment of crocin could enhance antioxidant status of the heart tissue of rats with high-fat diet-induced type 2 diabetes, which may be used as a therapeutic method in the diabetic patients. It can be suggested that regular administration of crocin combined with voluntary exercise may induce beneficial effects in type 2 diabetic patients.
Conclusion
The present study results confirmed that crocin combined with voluntary exercise had protective influence in the heart tissue of type 2 DM in rats. Marked reduction in lipid peroxidation (indicated by MDA) and an enhancement in levels of antioxidant enzymes following the combination of crocin with voluntary exercise indicate their powerful antioxidant activities.
